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 Abstract 
 
Deteriorated bridges all around the world are in need of replacement, or repair and 
strengthening. This damage is commonly caused by the overloading of bridges, due to 
the increasing size of heavy vehicles using the bridges today. Full bridge replacement 
poses the problems of high cost and disruption to traffic, so suitable methods of repair 
and strengthening are required.  
 
A common deterioration of these bridges is shear cracking. External vertical clamping 
is a method of shear strengthening girders, but existing shear cracks can limit the 
effectiveness of the external vertical clamping. Epoxy injection is a method of 
structurally repairing cracks, which could possibly be used to repair the shear cracks. 
If effective, this would allow the vertical clamping to effectively strengthen the 
member. This project is studying the shear strengthening of concrete girders using 
external vertical clamping, with existing shear cracks repaired with epoxy injection.  
 
This research investigates the combined repair method with experimental testing of 
four rectangular beams. Three of the beams were preloaded to form shear cracks, with 
the other strengthened only with vertical clamping. After vertical clamping all of 
these beams were loaded until ultimate failure. The results from these beams were 
compared to a reinforced control beam, and a vertical clamped control beam. These 
comparisons were made to evaluate the effectiveness of the combined repair method.  
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The results from this testing indicate that applying vertical clamping alone to a shear 
cracked girder will increase the member’s capacity, however the existing shear cracks 
cause the ultimate shear strength to reduce if un-repaired. The testing also shows that 
by combining external vertical clamping with epoxy injection of the existing cracks, a 
deteriorated girder will have a significant increase in shear capacity. Hence, this 
combined rehabilitation technique has been shown to be an effective method of shear 
strengthening. 
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 Nomenclature 
 
Ag = gross cross-sectional area 
Apt = cross-sectional area of prestressing steel 
Asc = cross-sectional area of compressive reinforcement 
Ast = cross-sectional area of tensile reinforcement 
Asv = cross-sectional area of shear reinforcement 
Asv-min = cross-sectional area of minimum shear reinforcement 
Asv-max = cross-sectional area of maximum shear reinforcement 
vα  = distance from load point to nearest support 
b = width of rectangular cross-section 
bef = effective width of the compression face 
bv = effective width of web for shear (equal to b for rectangular cross-sections) 
Cc = compressive force in the concrete 
Cs = compressive force in the compressive reinforcement 
D = depth of section 
d = depth to resultant force in tensile steel at Mu 
dn = depth to neutral axis in a section 
do = distance from the extreme compressive concrete fibre to the centroid of the outer 
most layer of tensile reinforcement 
dp = depth to the prestressing steel 
dsc = depth to centre of compressive reinforcement 
dst = depth to centre of tensile reinforcement 
e = eccentricity of prestressing force from the centroidal axis of the section 
Es = Young’s modulus of steel 
ƒ’c = characteristic compressive cylinder strength of concrete at 28 days 
ƒpy = yield strength of prestressing steel 
ƒsy = yield strength of reinforcing steel 
ƒsy.f = yield strength of shear reinforcement 
Ig = second moment of area of the uncracked section 
ku = ratio of neutral axis depth to outer most layer of tensile steel depth 
L = distance between supports 
Mdec = decompression moment 
Mu = ultimate moment capacity 
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P = prestressing force 
 Pu = theoretical ultimate load capacity of a beam 
Pu.f = theoretical ultimate flexural capacity load of a beam 
Pu.s = theoretical ultimate shear capacity load of a beam 
Pue = experimental ultimate load capacity of a beam 
Pv = vertical component of prestressing force 
s = spacing of shear reinforcement 
Tp = tensile force in prestressing steel 
Ts = tensile force in tensile reinforcement 
Vdec = shear force at decompression moment 
Vu = ultimate shear strength 
Vuc = concrete component of ultimate shear strength 
Vus = shear reinforcement contribution to ultimate shear strength 
yb = distance from centroidal axis to bottom fibre 
321 βββ = multiplying factors for determining Vuc 
γ = ratio of the depth of the assumed rectangular compressive stress block to dn at Mu 
γ xy = shear strain 
ε max = maximum principal strain 
ε min = minimum principal strain 
ε sc = strain in the compressive reinforcement 
γ st = strain in the tensile reinforcement 
ε u = extreme compressive fibre strain at ultimate strength in pure bending 
θ v = angle between the concrete compression strut and the longitudinal axis of the beam 
σ p.ef = effective stress in the prestressing steel 
σ pu = ultimate stress in the prestressing steel 
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 INTRODUCTION 
 
1.1 Project Aim and Scope: 
 
The aim of this project is to investigate the shear strengthening of concrete girders 
using vertical clamping and epoxy injection. This will be done through experimental 
tests conducted on four scaled model beams. It will also involve reviewing related 
literature and comparing the experimental data obtained to Australian Standard design 
procedures. 
 
To achieve these aims, the following objectives have to be met: 
 
1. Review the background information related to the shear strengthening of concrete 
girders using epoxy injection and vertical clamping. (literature review). 
 
2. Design scaled model test beams for experimental investigations, taking into 
account previous test results. 
 
3. Prepare and construct model beams, and arrange testing devices. 
 
4. Conduct tests on the model beams, and record observed results. 
 
5. Evaluate and analyse the test results of the various model beams. 
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6. Come to a conclusion for the project, which will better explain the shear 
behaviour of rehabilitated girders using epoxy injection and vertical clamping. 
 
 1.2 Background: 
 
Due to the nature of this project the background information sources are few and far 
between owing to the fact that this type of sheer strengthening of concrete member is 
relatively groundbreaking. This is mainly due to the technological constraints my 
previous colleagues such as Steven Luther, as noted in the references, have had in the 
past such as testing equipment, epoxy compounds and such which have become either 
more accessible and cheaper or have had significant testing done on it to increase its 
strengths or capacities. 
 
There are three possible repair techniques at present that could sufficiently enhance 
the member’s capacity. These methods are “Horizontal post tensioning”, “Vertical 
Clamping” and “Inclined clamping”. 
 
Previous work has been done on “Horizontal post tensioning” by a past student of 
USQ, Steven Luther, and there was found to be a 58% increase in shear capacity when 
the “Horizontal post tensioning” technique was used in conjunction with the epoxy 
resin, while without the epoxy there was no effect of shear strengthening to be seen. 
 
In my literature review I have identified previous work done on shear strengthening 
by A.R. Khaloo who looked into the “Shear repair of concrete beams using post 
tensioning” (i.e. Vertical post tensioning). This was done to educate myself on any 
previous work that had been done so I could better understand the project and what 
had and had not been done so as to continue the research further for this field of 
engineering. 
 
Bridges start to deteriorate from the moment they are completed. Deteriorated bridges 
all around the world are in need of replacement, repair or strengthening. Owing to this 
full bridge replacement poses the problems of high cost and disruption to traffic, so 
suitable methods of repair and strengthening are required. 
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A common deterioration of bridges is shear cracking. This is commonly caused by 
overloading of the bridges which is caused by the increasing size and number of 
 heavy vehicles using the bridges today. These cracks lower a member’s ultimate shear 
capacity, reduce its stiffness, and leave the reinforcement exposed to the weather. If 
these cracks are left long enough, the reinforcement can corrode away, further 
reducing the member’s capacity, and therefore increasing the likelihood of ultimate 
failure. For these reasons, the cracks need to be repaired, and the member 
strengthened to avoid further cracking from the current or future loadings. Epoxy 
injection appears a good way to repair the cracks, and protect the reinforcement. It has 
been used to seal concrete cracks where an impermeable surface is required. 
 
Vertical Clamping is one of the methods being looked at to strengthen members, as 
repaired members will often require higher capacities than originally designed for, 
due to the increased loading conditions, changes in the design requirements and so on. 
Previous research has indicated that Vertical Clamping a member with existing shear 
cracks may increase the member’s shear capacity.  
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This project is specifically looking at the effect of repairing existing sheer cracks on 
concrete girders with Vertical Clamping. The use of epoxy injection of the cracks will 
be combined with Vertical Clamping to evaluate the strength gain from this combined 
repair method. 
 2 LITERATURE REVIEW 
 
2.1 Problems That Exist: 
 
Many concrete bridges around the world are in need of repair. Most of these bridges 
have cracks that render them unserviceable, and subsequently have reduced ultimate 
load carrying capacity. These bridges need to be either replaced, or repaired and 
strengthened to adequately service the traffic loading. 
 
Pisani (1999) reports that some bridges are frequently being loaded to near to their 
ultimate design load. This first occurred in military areas, but is now occurring more 
on general roads. This type of loading causes cracking to occur. Totally replacing a 
bridge is a measure that is usually put off as long as possible. This is due to the major 
disruption to traffic flow it causes, and the high costs involved. This is why shear 
strengthening of bridge members is important, and why epoxy injection and external 
post tensioning appears to be an attractive solution. It would require minimal traffic 
closures, and would be significantly cheaper. For these reasons, the effectiveness of 
this method should be assessed. Little research has been done in the past on shear 
strengthening of beams using epoxy injection combined with external post tensioning. 
Small amounts of research conducted in this area have been carried out at USQ in 
2003 and 2004. For this reason, the research on the combined strengthening method 
will be reviewed, as well as research on either method individually.  
 
Klaiber et al (1989) reported that over 200,000 bridges in the USA are in need of 
repair. Most of these bridges have either flexural or shear cracks that need to be 
repaired to protect the reinforcement from corrosion, and reduce deflections to below 
serviceable limits. This has occurred due to increased number and size of heavy 
vehicles using the bridges. These bridges would have been designed for smaller 
loadings, so the serviceability design loads are frequently being exceeded. 
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 2.2 Epoxy Injection Combined with External Post-tensioning: 
 
Woods (2004) conducted model testing of a bridge headstock repaired by epoxy 
injection and external post-tensioning. He found that by repairing the existing shear 
cracks with epoxy injection and post-tensioning, significant increases in ultimate 
capacity and stiffness were achieved. He also strengthened one of the cracked model 
headstocks with just post-tensioning, with a slight increase in capacity found. 
 
Jobling (2004) conducted model testing on the same bridge headstocks as Woods 
(2004). He also used epoxy injection to rehabilitate the shear cracks, but used a fibre 
wrap for the external post-tensioning. He found this too was an effective way to shear 
strengthen the headstocks. This research aims to find out whether the strength increase 
in headstocks gained from the combined repair technique, can be translated to girders, 
which have a larger span to depth ratio. 
 
Alam (2004) studied the effect of epoxy injection on the shear strengthening of small 
scale concrete girders. The specimens used in his research were rectangular in cross 
section, 250mm x 100mm. The small size of the specimens was found to have a large 
effect on the capacity of the beams. Premature failure occurred during the testing of a 
number of the beams, due to the small section size and low amount of cover. This 
amounted to some of the beams failing due to compressive rupture at the top face, 
instead of a pure shear failure. This research also highlighted how the strength of the 
concrete greatly influences the capacity of the girders, as the ordered ready-mix 
concrete for each of the specimens varied greatly in strength. Due to the large 
variation in concrete strengths, an assessment of the shear strengthening technique 
was unable to be concluded definitively. The research did indicate increased shear 
capacity may be gained from the combined strengthening technique. 
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 2.3 External Post-tensioning: 
 
There has been extensive research into the flexural strengthening of concrete bridges 
using external post tensioning, but little on shear strengthening.  
 
Pisani (1999) found that applying post tensioning to a beam without a shear crack 
increases the shear capacity of the beam. This points towards the fact that post 
tensioning increases a damaged member’s shear capacity if the shear cracks are 
successfully repaired with epoxy. 
 
Haraji (1993) studied the strengthening of concrete beams by external prestressing. 
Through flexural testing of 16 beams, he found up to 146% increase in flexural 
strength, and deflections reduced by up to 25%, due to prestressing. He reported that 
external prestressing is an effective way to control cracks and re-establish service load 
deflections. Members subject to external prestressing also had a prolonged fatigue 
life, by reducing the stress levels in the internal tensile reinforcement. He also 
reported that straight tendons were less effective in increasing flexural resistance, 
compared to tendons with a deviated profile.  
 
Tan and Ng (1997) found that deviators and tendon configuration heavily affect the 
behaviour of externally prestressed beams. Without deviators, the tendons are free to 
move and change eccentricity when under load, thus inducing second order effects. 
The reduced eccentricity of the applied prestressing causes a reduction in flexural 
capacity. He reported that one deviator is sufficient for a beam with a spanto- depth 
ratio of up to 15, to minimise second order effects. The only effect this has on this 
research project is that the flexural capacity of the beams may be less than the 
predicted, as rods with no deviators will be used for post tensioning. To ensure the 
beams fail in shear, the shear capacity load of the beams will be significantly less than 
the predicted flexural capacity load.  
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Tan and Ng (1998) also studied the effect of shear in externally prestressed beams. 
They found that if deviators were not used, significant second order effects were 
found, resulting in the beam’s shear capacity reduced. If deviators are used, the 
beam’s behaviour follows that of a prestressed beam with internally unbonded 
 tendons. If second order effects are minimised, the strength and failure mode can be 
predicted using the strut-and-tie model. 
 
Tan and Naaman (1993) proposed a model based on the strut-and-tie method, to 
define a safe domain of loading for simply supported, externally prestressed beams. 
They used the model to predict the failure mode, either crushing of the diagonal 
concrete compression strut, yielding of the shear reinforcement, yielding of the 
internal tensile reinforcement, or yielding of the external prestressing. The first two 
modes are shear type failures, while the last two are flexural failures. The prediction 
of failure mode was based on the shear span to depth ratio, ratio of the loading platen 
width to beam depth, longitudinal reinforcement, shear reinforcement, ratio of 
effective depths of reinforcement to beam depth, and the path of the external 
prestressing. The major point from this research is that the application of external 
prestressing to strengthening of an existing structure may result in a mode of failure 
different to what is expected from the original structure. This is important, as shear 
type failures are brittle while flexural failures are more ductile.  
 
 
2.4 Epoxy injection: 
 
Epoxy injection is a method of structurally rebonding cracks in concrete. The epoxy is 
pressure injected into the cracks to form a bond with each concrete surface when set. 
It is good for structural repair, as it has tensile and compressive strengths greater than 
concrete. According to Epoxysystems (2001), epoxy used for bonding concrete cracks 
has a tensile strength of 34-55 MPa, and a compressive strength of 70-80 MPa. Due to 
the strong bond formed with concrete, and the high strength characteristics of epoxy, 
cracked members repaired with epoxy injection should regain their original strength. 
 
 
2.5 Epoxy Repairing: 
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There has been little research done on the shear strengthening of girders using epoxy 
injection, but there have been a number of related studies done in other applications. 
These include flexural strengthening, and repair of concrete joints.  
  
Chung (1975) conducted tests on reinforced concrete beams which had flexural cracks 
repaired with epoxy injection. He found that the capacity gained was the same or 
slightly higher than the original beams. He also noted the cracks reformed away from 
the previous cracks that were repaired, but the permanent deflection the beams had 
could not be eliminated by the repair. This study showed the effectiveness of bonding 
cracks with epoxy, and that the tensile bond strength was higher than the surrounding 
concrete. As the permanent deflection could not be eliminated, adding post tensioning 
to the process may be beneficial.  
 
Chung and Liu (1977) conducted tests on the shear strength of epoxy-repaired 
concrete joints. They used epoxy injection to bond two concrete surfaces (1 smooth, 1 
rough), then loaded the specimen to create a shearing effect along the plane of the 
joint. They found the repaired joint had increased shear resistance. The joints showed 
no sign of distress with 5 MPa shear stress applied, but the surrounding concrete did 
fail in shear. This indicates an epoxy bonded crack would have greater shear strength 
than the surrounding concrete. 
 
French, Torp and Tsai (1990) conducted tests on the epoxy repair of a beam-column 
sub assemblage damaged from a moderate earthquake. They compared the pressure 
injection technique with the vacuum impregnation technique for applying the epoxy. 
They found both methods were effective in repairing the cracked region, but the 
vacuum impregnation technique was more effective for large regions of cracks, this is 
because it can fill offshoot cracks where the other method is unable to. This enables 
the vacuum impregnation technique to fill whole regions at once, where as the 
pressure injection method needs to be applied to each crack. The testing of the sub 
assemblage showed: 
• The repaired structures were 2.5-3 times stiffer than the damaged structure, 
and had 85 percent of the original structures stiffness.  
• The bond between the reinforcement and the concrete which had originally 
failed was restored. 
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• As in other studies, repaired cracks did not reform, instead new cracks formed 
adjacent to them. 
  
2.6 Summary: 
 
Due to the nature of this project the background information sources are few and far 
between owing to the fact that this type of shear strengthening of a headstock is 
relatively groundbreaking. This is mainly due to the technological constraints 
experienced by Steven Luther who previously investigated shear repair and had 
problems with such things as testing equipment, epoxy compounds and such which 
have become either more accessible and cheaper or have had significant testing done 
on them to increase its strengths or capacities to make possible the testing conditions 
with which I worked with. 
 
There are three possible repair techniques at present that could sufficiently enhance 
the member’s capacity enough so that people could avoid the replacement of a 
member that is insufficient or cracked in sheer. These methods are “Horizontal post 
tensioning”, “Vertical Clamping” and “Inclined clamping”. 
 
The previous research conducted at USQ by Woods and Jobling on the model 
headstocks, indicated that concrete members could be shear strengthened with 
external post-tensioning combined with epoxy injection of cracks. Whether this 
strengthening ability translates to girders is unclear, as the research conducted by 
Alam on small scale girders was inconclusive. As previously mentioned, this was due 
to wide ranging strengths of concrete used, and the small section size and low amount 
of cover, which caused premature failure in the specimens to occur. For these reasons, 
further testing on the combined strengthening technique applied to girders is required. 
This research project will involve the experimental testing of scale members to 
evaluate the shear strengthening of girders using vertical clamping combined with 
epoxy injection of existing shear cracks.  
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 3 DESIGN METHODOLOGY 
 
3.1 Introduction 
 
This section presents an overview of the design work undertaken for the beams to be 
experimentally tested. The four beams are to be loaded to form sheer cracks, and then 
with the existing shear cracks they are to be repaired with vertical clamping and epoxy 
injection. In this way the beams are tested to assess the effectiveness of both 
strengthening techniques. 
 
The selection of loading position, specimen design and vertical clamping requirements 
are shown in this chapter. The design of the specimens includes the determination of 
cross-section, longitudinal reinforcement and shear reinforcement. The post tensioning 
system design includes the selection of initial tensioning level, tendon capacities, and end 
anchorage. 
 
The best practise for the ease of construction of the formwork and reinforcement cages 
was to go with a rectangular cross-section for the specimens. A rectangular cross-section 
also gives a good representation of industry needs, as rectangular cross-sections are 
commonly used for bridge girders and concrete building beams. The section chosen was 
300mm high by 150mm wide due to the formwork from a previous project being 
available at this size. Also this model size was selected as it was believed it would be 
adequate to exhibit the same failure characteristics as larger bridge girders used in 
practical applications. Having similar characteristics to larger members would enable the 
testing and results to show more accurately the effects of sheer failure and repair to real 
world problems. The beam was also designed the same as the previous project student 
to better understand the difference between post tensioning (Steven Luther) and 
vertical clamping (current work). 
 
Section chosen, 300mm high x 150mm wide 
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Selection of loading position and span were made to ensure shear failure over flexural 
failure. Four-point loading was chosen to cause shear failure in both ends of the beam. 
 This type of loading also causes a lower design moment compared to midspan loading, 
which will encourage shear failure over flexural failure. To cause shear failure in both 
ends of the beam, the shear span was set at 2.5. Having a beam depth of 300mm, this 
equates to a distance of 750mm between the load and the support. A 500mm separation 
between the two applied loads was also set. The total span for the beam was 2000 mm, 
with an overhang of 250 mm at each end. This equates to a total length of 2500 mm for 
the design specimens. The 250 mm overhang at each end was required to secure the end 
anchorage for the post tensioning, this was only needed by Steven Luther in the past but 
was left the same just in case the vertical clamping was a total failure, and so idealised pin 
supports could be set if needed. The specimen size and loading points are shown in the 
Figure 3.1.1 below: 
 
Figure 3.1.1: Loading position and supports 
 
 
 
 
Figure 3.1.2: Free body, Shear force and Bending moment diagrams 
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The maximum design shear force is between the supports and the loading points, 
while the maximum design moment is between the loading points.  
 
Between the supports and the loading points, the design shear force is half the applied 
load. 
 
To ensure shear failure, the beam was designed to have at least a 40% higher flexural 
failure load than its shear failure load. This was done through the spacing and size of 
the shear ligatures. 
 
R6 (round) bars were chosen for the ligatures, as these were readily available in the 
laboratory, and would be small enough to bend with a simple jig, although it turned 
out to be a quite difficult and time consuming task.  
 
A spreadsheet was used to find an acceptable spacing for the ligatures. 
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 3.2 Preliminary design 
 
Cross section 
 
 
Figure 3.2.1: Reinforcement layout of preliminary design 
 
Doubly reinforced section:  
• 2 N24 tensile bars at bottom 
• 2 N16 compression bars at the top 
• R6 bars as ligatures 
 
60mm ligatures were used at the ends of the beams to cope with localised stresses if 
horizontal post tensioning is needed, only if vertical clamping was a complete failure. 
3.2.1 Design of Reinforced Beam 
 
Ultimate moment capacity, Mu, and shear capacity Vu are calculated in this section. 
 
3.2.2 Flexural capacity 
 
Flexural capacity load is calculated such that it is larger than shear capacity load 
failure. 
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 In a doubly reinforced section Ts (tensile force in bottom steel) = Cc (compressive 
force in concrete) + Cs (compressive force in top steel) 
 
 
Figure 3.2.2: Doubly Reinforced Section at Ultimate Moment 
 
3.2.3 Section properties: 
 
f’c = 32MPa 
 
γ = 0.85 - 0.007(f’c -28) 
 
   = 0.85 - 0.007(32 -28) 
 
   = 0.822 
 
3.2.4 Steel properties: 
 
fsy = 500MPa 
 
Depth to compression steel: 
 
dsc = 25 + 6 + 16/2 = 39mm 
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Depth to tensile steel:  
  
d = 300 – 25 – 6 – 24/2 = 257mm 
 
Area of compression steel: 
 
Asc = 400mm2  
 
Area of tensile steel: 
 
Ast = 900mm2  
 
Initially assume the reinforcement yields before bending moment capacity, MU
Tensile steel force: 
 
Ts = fsy . Ast  
 
     = 500 x 900 
 
     = 450 x 103 N 
 
Compressive force in steel: 
 
Cs = fsy .Ast 
 
     = 500 x 400 
 
     = 200 x 103 N 
 
Concrete compressive force: 
 
Cc = 0.85 f’c . γ . b . dn 
 
     = 0.85 x 32 x 0.822 x 150 x dn  
 28
 
      = 3353.76 dn
 
As the sum of the forces equals zero: 
3353.76 dn + 200 x 103 = 450 x 103
           dn = 74.54mm 
 
Check compressive reinforcement yielded: 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
n
SCn
CSC d
dd.εε  
      
⎟⎠
⎞⎜⎝
⎛ −=
5.74
395.74.003.SCε  
0014.=SCε  
 
ε sc < 0.0025, the assumption that the compressive reinforcement had yielded is incorrect. 
The compressive forces will be recalculated knowing the compressive reinforcement is in 
the elastic range, with: 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
stu
SCuu
USS dk
ddkEC
.
...ε  
 
By equating the sum of the forces to zero, the neutral axis depth is found using a 
quadratic equation to find ku: 
 
021
2 =−+ ukuk uu  
 
Where, 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= 21 ...'85.0
...
stc
stsySCSu
dbf
AfAE
u γ
ε
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 ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −= 22 ...'85.0
..
stc
scsSCu
dbf
AEdu γ
ε  
 
Therefore, 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
××××
×−×××= 2
3
1 257150822.03285.0
90050040010200003.u  
 
   = -0.245 
 
⎟⎟⎠
⎞
⎜⎜⎝
⎛
××××
××××= 2
3
2 257150822.03285.0
4001020039003.0u  
 
   = 0.0425 
 
This gives the quadratic equation: 
 
00425.0245.02 =−×− uu kk  
 
Solving the quadratic equation: 
 
a
acbbku 2
42 −±−=  
 
12
0425.014)245.0(245.0 2
×
−××−−±=uk  
 
362.0=uk    or   117.0−=uk  
 
Taking the positive answer: 
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362.0=uk  
  
Therefore, the neutral axis depth: 
 
dkd un .=  
 
257362.0 ×=nd  
 
mmd n 1.93=  
 
The force in the tensile steel is the same as previously calculated, but the compressive 
forces in the concrete and compressive reinforcement need to be recalculated. 
 
Tensile steel force: 
 
Ts = fsy . Ast  
 
     = 500 x 900 
 
     = 450 x 103 N 
 
Compressive steel force: 
 
400
257362.0
39257362.0003.010200 3 ×⎟⎠
⎞⎜⎝
⎛
×
−×××=sC  
 
    = 140191 N 
 
Concrete compressive force: 
 
nc dC 76.3353=  
 
NCc 312198=  
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 Therefore the ultimate moment capacity of the beam: 
 
( ) ( stustcscusu dkdCddCM ..5.0 )γ−+−=  
 
( ) ( )257362.0822.05.025731219839257140191 ×××−+−×=uM  
 
     = 98.85 kN.m 
 
The force required to produce the ultimate moment, MU, is then found from: 
 
αν
uMP =1  
 
Where, 
 
P1 = load from one loading point 
αν  = Distance between the support and the loading point 
 
Therefore, 
 
75.0
85.98
1=P  
 
kNP 8.1311=  
 
As four-point bending is used, the ultimate flexural load capacity of the beam, Pu.f, is 
calculated as: 
 
1. 2 PP fu ×=  
 
8.1312. ×=fuP  
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kNP fu 6.263. =  
  
This moment capacity load can now be used to ensure the beam has a lower shear 
capacity than flexural capacity, to ensure the beams fail in shear. 
3.2.5 Sheer Capacity 
 
The ultimate shear capacity, Vu, of the reinforced concrete beam is determined in this 
section. 
 
usucu VVV +=  
 
The ultimate shear strength of the concrete, Vuc, is: 
 
3/1
0
0321 .
'...... ⎟⎟⎠
⎞
⎜⎜⎝
⎛=
db
fAdbV
v
cst
vu βββ  
 
Where, 
 
1.1
1000
6.11.1 01 ≥⎟⎠
⎞⎜⎝
⎛ −×= dβ  
 
1.1
1000
2576.11.11 ≥⎟⎠
⎞⎜⎝
⎛ −×=β  
 
48.11=β  
 
12=β  (As there is no axial load present on this beam) 
 
13=β  
 
Therefore, 
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 3/1
257150
32900.2571501148.1 ⎟⎠
⎞⎜⎝
⎛
×
××××××=uV  
 
kNV u 77.51=  
 
The ultimate shear strength of the shear reinforcement, Vus, is: 
 
v
fsysv
us s
dfA
V θcot... 0. ⎟⎟⎠
⎞
⎜⎜⎝
⎛=  
 
Where, 
 
=svA  Cross sectional area of shear reinforcement 
   
    =  232 ××π
   
    = 56.5mm2
 
=min.svA Cross sectional area of minimum shear reinforcement 
 
fsy
v
sv f
sbA
.
min.
.35.0=  
 
250
250.35150.0
min. =svA  
 
2
min. 5.52 mmAsv =  
 
=max.svA Cross sectional area of maximum shear reinforcement 
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 fst
stv
uc
cv
sv f
db
Vfsb
A
.
max.
.
'2.0. ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −
=  
 
250
257150
5177032232.0250150
max.
⎟⎠
⎞⎜⎝
⎛
×−×××=svA  
 
2
max. 6.758 mmAsv =  
 
Therefore, 
 
⎟⎠
⎞⎜⎝
⎛
−
−+=
5.526.758
5.525.56.1530 ooVθ  
 
o09.30=Vθ  
 
Therefore the ultimate shear strength of the shear reinforcement, Vus, is: 
 
)09.30cot(.
250
2572505.56 ⎟⎠
⎞⎜⎝
⎛ ××=usV  
 
kNVus 09.25=  
 
Calculating the reinforced concrete beam’s ultimate shear capacity: 
 
usucu VVV +=  
 
09.2577.51 +=uV  
 
As four point loading is used, the ultimate shear capacity load, Pu.s, is calculated as: 
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86.762. ×=suP  
  
72.153. =suP  
 
Therefore the beam’s shear capacity load, Pu.s (153.72kN) is lower than the beam’s 
flexural capacity load Pu.f (263.6kN), so the beam should fail in shear. 
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 4 CONSTRUCTION METHODOLOGY 
 
4.1 Introduction 
 
This section will outline and discuss the procedures used in the construction of the 
model beams. 
 
4.2 Formwork 
 
The formwork used to cast the beams in was made of 12 mm ply and 75 mm x 38 mm 
pine and was constructed by the university staff. 
 
 
Figure 4.2.1: Boxing and steel cages 
 
As depicted above in Figure 4.2.1 the beams were cast side by side so as to reduce the 
amount of material used, also three separator boards where used to hold the spacer 
boards in place during the concreting phase. 
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 The edges of the formwork were sealed with silicone and the formwork itself greased 
before concreting so as to reduce the sticking of the concrete to the formwork after 
concreting and to reduce the time needed to clean the formwork after concreting. 
 
4.3 Reinforcement 
 
Mostly the reinforcement used in the steel fixing was sourced at the university; 
however the N24 bars were order pre-cut and bent due to their size and the 
universities restrictions on bending that specific sized material.  
 
The N16 bars were cut to a length of 2500 mm to allow a 50 mm space at the end of 
the beams to allow for the ferrules to be imbedded. This was done to assure that if the 
need arose due to my current repair method being inaccurate we could use the ferrules 
to continue to test the horizontal post-tensioning method only if the vertical clamping 
method I was to test were deemed to be impossible or inappropriate. 
 
The R6 ligatures were cut using bolt cutters and then bent into shape using a jig, 
depicted in Figure 4.3.1, I had designed and the lab staff had assembled. 
 
 
Figure 4.3.1: Jig to bend shear ligatures 
 
Once all the steel was cut and bent into shape it was tie wired together, figure 7 shows 
the completed steelwork, and positioned in the formwork to allow a spacing of 25 mm 
from the outside of the shear ligatures to the formwork. 
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The 25 mm high mortar blocks used to space the steel from the formwork were made 
of a sand, water and cement mix a few days before the actual casting took place and 
had a tie wire imbedded in them so as that they could be positioned correctly and tied 
to the steelwork.  
 
R6 Lifting hooks were also cut and tied to the steelwork at the strengthened end 
sections so as not to influence the effective span or shear span of the beams and for 
ease of movement throughout the testing phase. Figure 4.3.2 shows the lifting hooks 
and ferrules after casting. 
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Figure 4.3.2: Ferrules and lifting hooks after casting 
 
4.4 Steel strain gauges 
 
There were two types of strain gauges used in the testing of the model beam. These 
will be discussed in this section. 
4.4.1 Internal steel strain gauges 
 
There were 7 strain gauges used on the steel cages of each beam, 4 in the critical shear 
region of the beams and 3 more for the flexural top and bottom at the midpoint of the 
beams. Strain gauges were attached to the reinforcement cages as depicted below in 
Error! Reference source not found.. The strain gauge type used was FLA-2-11, 
which is a strain gauge specifically used on metal. The Data sheets detailing these 
particular strain gauges are located in Appendix B. 
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Figure 4.4.1: Steel strain gauge layout 
 
To attach the strain gauges first the metal surfaces were cleaned using steel wool for 
the ligatures and a grinder for the large tensile reinforcement. Then acetone was 
rubbed over the cleaned surfaces to remove any duct particles that were left. The 
strain gauges were then glued into place using CN adhesive and held in place using 
non adhesive paper and finger pressure for approximately 1 minute. Once this was 
done to protect the strain gauges wax was melted over them then a piece of 
waterproof wax tape was placed over all of it so as to prevent damage to them during 
the concreting phase. Data sheet for the CN adhesive are located in Appendix B. 
 
The strain gauge were then tested for an appropriate resistance using a multimeter, the 
target reading being an output of 120Ω to indicate that they were working correctly. 
Figure 4.4.2 shows a fixed steel strain gauge. 
 
 
Figure 4.4.2: Fixed strain gauge 
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 4.4.2 External steel strain gauges 
 
 
Figure 4.4.3: Top view of the external vertical clamp strain gauges 
 
There were also four external steel strain gauges placed on the vertical clamping 
system I implemented. These gauges were placed at the centre of the vertical rods. 
This was to determine the stresses, which were transferred from the beam and its 
internal steel cage, to the external clamps whether the beam was initially cracked for 
shear deficiency or whether it was a new beam that was unbroken and had sufficient 
shear support. The layout for these external steel strain gauges is shown in Figure 
4.4.3.  
 
4.5 Concreting 
 
The concrete used to cast the beams was sourced from a local supplier (Wagners), and 
was ordered as per the design methodology to be 32Mpa in strength and have a slump 
of 80 mm and a 20 mm nominal aggregate size. The actual concrete properties were 
similar to this and are shown in the results and conclusions section. 
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The concrete was poured straight from the truck, using the slide, into the formwork 
and manoeuvred using shovels. A vibrator was then used to compact the concrete and 
to expel any air pockets inside the box. The surface was then screeded off and a 
trowel was then used to give the surface a smooth finish. A plastic cover was then 
placed over the concrete so as to stop shrinkage of the concrete from drying quickly. 
 The concrete was also lightly watered day to day to prevent shrinkage cracks from 
appearing. Figure 4.5.1 shows the beams after casting. 
 
 
Figure 4.5.1: Beams after casting 
 
A number of test cylinders were also cast during this stage so as to ascertain the 
compressive and indirect tensile strengths at particular stages of the concrete’s life. 
Figure 4.5.2 shows a sample of these cylinders. 
 
 
Figure 4.5.2: Test cylinders 
 
4.6 Stripping, curing and movement 
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The formwork was removed from the beams 4 days after casting. Initially one side of 
the formwork was removed so as to move the beams one at a time using a fork lift and 
a chain attached to the lifting hooks at either end of the beam. This process was 
repeated for all four beams. Then beams were stacked outside the laboratory to cure 
for the required 28 days. The cast test cylinders were also removed from their moulds 
and placed outside next to the beams so as to cure in the same environment. A plastic 
 sheet was then placed over all of the material to reduce the weathering effects, such as 
shrinkage cracks, on the concrete during its initial curing stage. 
 
After the 28 day minimum curing period the beams transported to the Instron testing 
facility located in the Z4 building of the university. 
 
4.7 Concrete strain gauges 
 
Concrete strain gauges were attached to the beams a various locations on the beams to 
find the strains associated with the four point loading condition that was used. The 
strain gauges type used was PFL-30-11 which is specifically design for use on 
concrete. The data sheets associated with this type of strain gauge are located in 
Appendix B. 
 
 
Figure 4.7.1: Concrete strain gauge layout 
 
The strain gauges were attached to the beams just prior to loading so as to reduce the 
risk of damage to them. There were 3 gauges attached at the centre of the beam, 1 of 
which being on the top of the beam and the other two positioned on the side to read 
the top compressive force and the bottom tensile force. The remaining six gauges 
were used as two sets of rosettes located in the critical shear region of the beam at 
both ends. The layout of the concrete strain gauges can be seen in Figure 4.7.1. 
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Figure 4.7.2: Rosette strain gauge layout 
 
Before the concrete strain gauges were attached the surfaces were cleaned using a 
wire brush. Then to create a perfectly smooth surface for the gauges to be attached the 
surface was then lined with a PS adhesive, a 2 part bonding agent, which once dry 
creates a smooth surface. Once the PS adhesive was applied a sheet of non adhesive 
paper was applied over the surfaces so as to smooth them out sufficiently. Then the 
adhesive and the paper cover were left overnight each time to dry and the next day the 
paper was removed and the concrete strain gauges were attached. To attach the 
concrete strain gauges CN adhesive was again used with a non adhesive paper to 
firmly push them into place. Data sheets for the PS and CN adhesive are located in 
Appendix B. Figure 4.7.2 shows a rosette strain gauge layout with the shear crack 
propagating through it. 
 
4.8 Pre-clamping 
 
This section will explain the pre-clamping method used on the test beams. It will 
show how they were set up and the way they were tensioned. 
 
4.8.1 Vertical clamps 
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The steel rods used for the vertical clamping were M16 threaded rods cut to a length 
of 400 mm. There were 12 of these rods used each time the vertical clamps were 
attached to the beam. The rods were held in place by 50 x 50 x 6 mm angle iron with 
holes drilled through it at 180 mm centres so as to fits over the top and bottom of the 
 beam and allow room for the washers and nuts on the top and bottom of the rods. 
There were also 12 of these angles used each time the vertical clamping method was 
set up. Figure 4.8.1 shows the set up of a typical vertical clamped beam with the 
threaded rods, angle iron, washers and nuts. 
 
 
Figure 4.8.1: Vertical clamps on beam 
 
Once all the material was in place on the beam the nuts then had to be tightened and 
recorded so as to get exact readings on what there affect was on the beam. The 
tightening was done using a torsion wrench and an approximate torsion value set on 
the wrench of 15Nm. Every nut was then tightened to this tension making sure that 
they were evenly loaded by changing from side to side as the tightening process went 
on. During the tensioning the external steel strain gauges attached to the threaded rods 
were recording the strains associated with the tightening process. Figure 4.8.2 shows 
the external steel strain gauges attached to the threaded rod that recorded the strains 
during the tensioning phase. 
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Figure 4.8.2: External steel strain gauge 
 
4.8.2 Wooden spacers 
 
During the testing using the vertical clamping method it was noticed after the first 
vertical clamped beam was tested that there was a minor degree of localised cracking 
due to the angle iron used. Figure 4.8.3 shows this localised cracking due to the angle 
iron. 
 
 
Figure 4.8.3: Depicts vertical clamping method with localised cracking 
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Due to this localised cracking I then implemented the use of wooded spacer blocks 
made from ply board off cuts to go underneath the angle iron and spread the load out 
along the beam. Figure 4.8.4 depicts the spacer boards and how they were 
 successfully used to suppress the localised crushing of the concrete due to the extreme 
forces associated with vertical clamping method. 
 
 
Figure 4.8.4: Spacer boards used to stop localised crushing of the concrete 
 
4.9 Epoxy Repairing 
 
The crack repair of the beams involved pressure injecting a two part epoxy, Nitofill 
LV. As the epoxy was required to be pressure injected, an impermeable seal on the 
surface of the beam along the crack lines was required. This was done using a two 
part epoxy crack sealant, Lokset E. The application process for the Nitofill LV and 
Lokset E are discussed below, and the data sheets relating to these products are shown 
in Appendix C. 
 
4.9.1 Lokset E 
 
Lokset E is a two part epoxy sealant for use on concrete structures. It is used because 
it gives an impermeable seal and reduces the chance of the reinforcement corroding. 
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The Lokset E was obtained in two cartridges connected together for use with a double 
barrel corking gun. The cartridges were sized so that the two substances would be 
ejected proportionally from the gun. The substances were then mixed, once ejected, 
 through a specially supplied mixing tube which was attached to the end of the 
cartridges.    
 
Before the sealant was applied, the crack surface was cleaned using a wire brush, and 
any loose pieces of concrete were removed. Small holes were then drilled along the 
crack line, and injection nozzles for the Nitofill LV were glued to the concrete over 
the holes. The holes were needed to allow the Nitofill LV to freely enter the cracks. 
The Lokset E was then extruded over the crack lines, and spread over a 5cm strip 
using a knife. Care was taken to ensure all cracks were covered and a tight seal was 
obtained around the flange of the nozzles. Figure 4.9.1 shows the positioning of the 
injection nozzles, and the sealing of the cracks using the Lokset E. The sealant was 
left to dry for four days after it was applied before the Nitofill LV was injected. 
 
 
Figure 4.9.1: Sealing of cracks using Lokset E 
 
Before the Nitofill LV was injected the permeability of the impermeable seal was 
tested by pressure injecting water through the injection points into the beam. Leakage 
occurred mainly around the injection points and on the bottom of the beam, so these 
locations were again sealed with Lokset E and left to dry before being water tested 
again. Once this process was complete and there were no more significant leaks the 
Nitofill LV was injected. Figure 4.9.1 also shows the pressure testing of the beams 
using a tube to pressure inject water through the injection points. 
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 4.9.2 Nitofill LV  
 
Nitofill LV is a two part epoxy resin designed to re-bond cracked concrete surfaces. It 
has very low viscosity, and is therefore ideally suited to being pressure injected into 
fine cracks. 
 
The Nitofill LV was obtained in two cartridges connected together, for use with a 
double barrel corking gun. The cartridges were sized to automatically apply the 
correct proportions of the two parts of the epoxy. Like the Lokset E, the two parts of 
the epoxy were mixed together when extruded, using a specially supplied mixing 
tube. The end of the tube was attached to the injection nozzles using a connector, and 
the resin was injected using the corking gun. The injection process started at the 
lowest most nozzle, with all the nozzles being left open. This was to show when the 
resin had reached all parts of the crack. As the resin began to flow out of a nozzle, it 
was then closed. Once only the nozzle being used for injection was open, and the 
pressure on the corking gun was noticeably higher, the final nozzle where the 
injection was occurring was closed. The increase in pressure indicated the entire crack 
had been filled. The Nitofill LV was then left to cure for seven days before the beam 
was reloaded. 
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 5 TESTING METHODOLOGY 
 
5.1 Introduction 
 
In this section the experimental testing that was carried out on the beams will be 
explained. Four beams were tested under varying conditions which can be seen in 
Table 5.1.1: Testing conditions for the beams. 
 
Table 5.1.1: Testing conditions for the beams 
 
 
The research that was conducted involved the effects of vertical clamping on existing 
shear cracks in concrete members. The experimental tests that were undertaken 
looked at the repair methods needed to sufficiently strengthen the members in shear.  
 
Beam 1 was initially used as a control beam for comparisons for the other beams, but 
was later used with epoxy resin and vertical clamping to test the effectiveness of the 
combined repair method on a significantly shear damaged beam. 
 
Beam 2 was initially loaded to create a shear deficiency in the beam and then 
vertically clamped to test the effectiveness of just the clamps without epoxy injection.  
 
Beam 3 was pre-clamped and then tested, also to test the effectiveness of the vertical 
clamping and also to find the maximum load that an undamaged vertically clamped 
beam could take. 
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Beam 4 was the test conclusion beam in affect because it was initially loaded to create 
the shear crack then it was epoxy repaired and vertically clamped and reloaded to find 
the maximum load the member could take and find out wether the repair method in 
question was feasible. 
  
5.2 Testing configuration    
 
The testing configuration used to test the specimens is shown in Figure 5.2.1. This 
figure shows the setup for a vertical clamped beam, in other test cases the vertical 
clamps may not be present depending on the test configuration and purpose of the test, 
such as the control beam. 
 
Figure 5.2.1: Testing configuration of concrete members 
 
To simulate pin supports as the beams were modelled for, the supports for the beam 
were made up of triangular shape steel blocks. A 30mm wide steel plate was 
positioned on top of each triangular block to avoid local cracking around the support. 
A concrete block and a number of steel plates were positioned under the triangular 
supports to adjust the height of the beam relative to the loading frame. The setup of 
the supports for the test beams can be seen in Figure 5.2.2. 
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Figure 5.2.2: Supports for test beams 
 
Figure 5.2.3 shows the setup used for this four point loading arrangement. A single 
500kN Instron loading ram, with a maximum travel of 150mm, was used to apply the 
load. The loading ram was supported by the loading frame, which had been adjusted to 
the correct height for the test setup. The load was transferred evenly to the beam at two 
points via the spreader beam. The spreader beam was connected to the loading ram with a 
ball and socket joint, and the two loading points were set at a distance of 500 mm apart. 
 
 
Figure 5.2.3: 4 point loading test configuration 
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 The force to be applied from the loading ram is measured by a load cell that is positioned 
directly under the loading ram. The data gathered from the load cell is stored by the 
system 5000 data logger. 
 
The midspan deflection of the test beams when loaded was measured by a load variable 
displacement transducer (LVDT). The data gathered from the LVDT was stored by the 
system 5000 data logger. Figure 5.2.3 shows the setup of the LVDT measuring the 
midspan deflection. 
 
5.3 Data logging 
 
All the data collected from the load cell, strain gauges and LVDT during the testing 
process was recorded by the system 5000 data logger. To do this each of the 
measuring devices were allocated a channel on the system 5000 data logger, or in this 
case data loggers due to the amount of channels needed to record all the measuring 
devices. One channel used for the load cell, two for the LVDT, due to one of these 
devices continually failing and a backup being required, and 16 for the strain gauges. 
During testing a reading was taken from each of these devices every second.  
 
5.4 Loading 
 
All of the test beams were loaded at a constant rate of 1 mm per minute using the 
Instron loading ram. This load rate was achieved by the loading ram being computer 
controlled. 
 
5.5 Material testing 
 
Material testing was conducted throughout the testing phase of the beams so as to 
accurately determine the properties of the concrete at a particular stage or age of the 
concrete. They were also needed to accurately compare the test results with the 
AS3600 prediction equations. Two sets of tests were undertaken, one being at the start 
of tests and the other at the completion of all tests.  
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 5.5.1 Concrete compressive strength tests 
 
To find the compressive strength of the concrete, 8 test cylinders of 100 mm in 
diameter and 200 mm in height were used. Initially they were tested on the same day 
as the control beam and results were recorded. Then after all testing on the beams was 
completed the remainder of the cylinders were tested and results recorded. Also 
indirect tensile tests were done on 150 mm in diameter and 300 mm in height 
cylinders at the beginning and end of testing of the beams. The results from these tests 
can be seen in the results and conclusions in Table 6.2.1: Initial compressive strength 
data; Figure 5.5.1 shows a typical set up for the compressive strength testing of the 
cylinders. 
 
 
Figure 5.5.1: Compressive strength testing 
 
5.6 Safety 
 
As this research primarily involved the experimental testing of large scaled test beams 
there were a number of safety issues that were involved. These issues involved 
construction and movement, cutting and clamp fixing and the application of epoxies 
to the specimens. 
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As for most circumstances if simple safety measures are taken then the risk is low and 
in this case no hazardous incidents occurred. Steel capped boots were worn at all 
 times, hard hats and safety glasses when loading and grinding the beams, along with 
dust masks when grinding. 
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The epoxy resins used in this testing are toxic if swallowed, and can cause skin and 
eye irritation. Before these resins were used, the Material Safety Data Sheets (MSDS) 
were consulted, so the safety issues involved were known. When the epoxy resins 
were applied, gloves were used and care was taken to avoid contact with the skin. A 
risk assessment for this research work was compiled and is shown in Appendix D. 
 6 RESULTS AND DISCUSSIONS 
 
6.1 Introduction 
 
This section will outline the results that were obtained from the experimental testing 
conducted. It also includes discussion on why the results have occurred, and the 
implication they have on the research. The results discussed in this section include 
material strengths, data logged during loading, test observations, and comparisons of 
theoretical and experimental section capacities. 
 
6.2 Material Tests 
 
This section outlines the relevant material tests done. 
  
6.2.1 Concrete slump 
 
Prior to the beams being poured a concrete slump test was performed to get an 
indication of the concrete’s workability. A slump of 85 mm was found which was 
negligible considering that the slump ordered was 80 mm. Even so a poker vibrator 
was used to properly compact the concrete because at that high of slump the concrete 
is quite dry.  
6.2.2 Concrete compressive and indirect tensile strength 
 
The strength of the cast beams is heavily dependant on the concrete compressive 
strength and somewhat on the indirect tensile strength, for this reason a number of test 
cylinders were cast along with the beams from the same concrete batch. The testing of 
these cylinders was undertaken on the day of the first beam test and on the day of the 
last beam test to give and accurate prediction of the difference in strengths of the 
concrete from the start to the end of the testing phase.  
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 Table 6.2.1: Initial compressive strength data 
 
 
Table 6.2.2: Final compressive strength data 
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The concrete was ordered to be 32Mpa, but the actual compressive strength of the 
beams from testing the cylinders was considerably higher, this can be seen in Table 
6.2.1 and Table 6.2.2. Due to the lengthy nature of the testing the compressive 
 strength of the concrete did change over the testing phase greatly due to the concrete 
gaining most of its strength in the initial 28 days. Figure 6.2.1 below shows the 
difference in compressive strength from the start to the end of testing with the first 
three specimen samples being at the beginning of testing and the remaining five being 
at the end of the testing. So there is a noticeable difference in the compressive 
strengths of around 3 MPa. So, for mathematical purpose, an average of 40 MPa in 
strength is used for recalculation of the actual beam properties. 
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Figure 6.2.1: Graph comparison of compressive strengths 
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Figure 6.2.2: Graph comparison of indirect tensile strength 
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 Figure 6.2.2 above give the comparison of the indirect tensile strength of the concrete 
from the start to the end of testing. As it can be noted their strength does not change 
significantly throughout the testing process.  
 
In the design methodology earlier the compressive strength was taken as 32 MPa. 
However it is not the case where tested and calculated as in the tables, therefore the 
theoretical capacities of the beams will have to be recalculated with the correct 
material strength that has been tested and found to have actually been approximately 
40 MPa. This is done to compare the experimental results with the predicted 
Australian standards equations. This will be done later in the results and conclusions 
section. 
 
6.3 Reinforcement strength 
 
Tensile tests were conducted on the R6 shear ligature steel to find the actual yield 
strength of the steel. This was compared to the theoretical yield strength of 250 MPa. 
Four sample pieces of the steel were used for the testing, with a summary of the 
results shown below in Table 6.3.1 
 
 
Table 6.3.1: Reinforcement strength test data 
 
 
The yield strength of the R6 steel found from the testing was 365 MPa, which is 
considerably higher than the theoretical strength of 250 MPa. This strength is used 
later in this section, when recalculating the theoretical section capacities with actual 
material properties. 
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 6.4 Crack observation 
 
During testing of the beams the crack propagation along with the crack widths were 
observed and noted at important loading levels. 
 
Note: Small flexural cracks formed at the midspan of the beams. These stayed as fine 
cracks throughout the loading, and stopped increasing in size when the shear cracks 
began to form. This was due to the method with which I design the beams so that 
shear failure would propagate much before flexural failure would occur. 
 
6.4.1 Beam #1 (Control beam) 
 
The cracking in the control beam formed as expected with a crack propagating from 
the support to the loading point. Offset cracks formed around the main shear crack as 
the load was increased and also as the loading approached the ultimate shear load of 
160kN for the control beam. Figure 6.4.1 depicts the crack propagation of the control 
beam. 
 
 
Figure 6.4.1: Beam #1 Shear crack failure 
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 Due to human error there was no data recorded during the testing of the control beam 
except for the maximum shear load of 160kN. Owing to this fact it was decided to use 
this beam as a real world scenario of a shear deficient member that requires repairing. 
To achieve the required repair of this beam due to its large shear crack it was decided 
to use both the epoxy resin and vertical clamps.  
 
Once loading was reapplied after repairing of the beam the first new shear crack to 
form was at 125kN in between 2 of the vertical clamps. Due to this we can tell that the 
initial cracks were completely repaired, as the new crack lines formed away from the 
initial cracks. The onset of the shear cracks was at approximately the same load as the 
control beam however the cracks did not enlarge until well over the maximum shear 
load of the initial control beam. This was due to the vertical clamps acting as shear 
ligatures on the outside of the beam. This meant a much higher load was required to 
form the flexural crack around the support, needed to initiate the shear crack. At the 
maximum load of 258kN, the maximum crack width was 6 mm. The failure crack of 
the repaired beam #1 can be seen in Figure 6.4.2. The initial crack line of this beam 
has been highlighted in green, showing how the shear crack formed away from the 
epoxy repaired crack. 
 
 
 
Figure 6.4.2: Repaired beam #1 crack layout 
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 6.4.2 Beam #2 
 
Initially Beam #2 was preloaded to form a shear crack. A load of 140kN was required to 
form this crack. The initial shear cracking in the specimen formed in the same way as the 
previous specimens, with the first shear crack forming at around 115kN. The cracking 
began around the support, and propagated towards the loading point as the load was 
increased. The initial crack formed in beam #2 can be seen in Figure 6.4.3. There was a 
residual deflection of 3mm and a crack width of 4mm after the initial loading of this 
beam.  
 
 
Figure 6.4.3: Beam #2 unstrengthened shear crack 
 
After preloading beam #2 was vertically clamped without the use of epoxy resin to 
bind the cracks back together. Once loading was reapplied the cracks began to 
steadily reopen and a new shear crack parallel to the existing one started to propagate 
at 150kN. The onset of the new shear cracks was at same load as the ultimate shear 
capacity of the beam without vertical clamping. This was due to the vertical clamps 
acting as shear ligatures on the outside of the beam. This meant a much higher load 
was required to form the flexural crack around the support, needed to initiate the shear 
crack as before. At the maximum load of 260kN, the maximum crack width was 11 
mm. The failure crack of the repaired beam #2 can be seen in Figure 6.4.4. 
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Figure 6.4.4: Beam #2 vertically clamped shear crack 
 
6.4.3 Beam #3 
 
The shear cracking in the pre-strengthened beam formed slightly different to the 
beams without pre-strengthening. Initially at 100kN minor flexural cracks formed in 
the centre of the beam. The first shear crack then formed at 115kN, starting at 
approximately the bottom of the outermost vertical clamp. The crack then propagated 
towards the applied load, increasing in width as the load was increased. The 
maximum load recorded was 285kN with a residual deflection after unloading of 9 
mm. The shear crack propagation for this beam can be seen in Figure 6.4.5. 
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Figure 6.4.5: Beam #3 shear crack profile 
  
6.4.4 Beam #4 
 
Initially Beam #4 was preloaded to form a shear crack. A load of 135kN was required to 
form this crack. The initial shear cracking in the specimen formed in the same way as the 
previous specimens, with the first shear crack forming at around 90kN. The cracking 
began around the support, and propagated towards the loading point as the load was 
increased. The initial crack formed in beam #4 can be seen in Figure 6.4.6. There was a 
crack width of 3mm after the initial loading of this beam.  
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Figure 6.4.6: Beam #4 initial shear crack 
 
After preloading of beam #4 it was epoxy repaired and vertically clamped to bind the 
cracks back together. The initial cracks were completely repaired, as the new crack 
lines formed away from the initial cracks. Once the loading was reapplied, a new set 
of shear cracks began to form at 190kN. The onset of the new shear cracks was at a 
much higher load than that of the vertically pre-strengthened beam. This meant a 
much higher load was required to form the flexural crack around the support, needed 
to initiate the shear crack. Just before the maximum load of 277kN, the maximum 
crack width was 11 mm. The failure crack of beam #4 after it being repaired can be 
seen in Figure 6.4.7. 
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Figure 6.4.7: Beam #4 strengthened shear cracking 
 
 
 
6.5 Comparison of crack patterns 
 
The preloaded shear cracks that formed in beam #1, beam #2 and beam #4 formed in 
the same way. This cracking was flatter at the top and bottom of the beam, and steeper 
through the middle section of the beam. Beam #3 after vertical clamping still had a 
similar crack pattern as the other reinforced beams, however the shear crack only 
propagated in between the vertical clamps. This can be seen in Figure 6.4.5: Beam #3 
shear crack profile. This shows that the vertical clamps acted as false supports for the 
beam in effect localising the shear cracking inside the vertically clamped area. 
 
Table 6.5.1: Beam test methods 
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The shear cracking in beam #1 and beam #4 after epoxy injection and vertical 
clamping were also similar. The failure cracks for these beams formed a direct line 
 between the top and bottom of the inner and outer most vertical clamps. This indicates 
that the epoxy repaired beam behaved similarly to the pre-vertically clamped beam, 
and had the same failure mechanism. Figure 6.5.1 shows a comparison of the two 
general crack patterns observed. 
 
 
Figure 6.5.1: Crack patterns observed 
 
After all the beams had the vertical clamping method attached to them they developed 
multiple shear cracks within the vertically clamped region. This fact reinforces the 
idea that the vertical clamps localised the shear crack region and in effect 
strengthened the beam by strengthening the shear region and reducing the area 
affected by shear failure. 
 
6.6 Beam failure methods 
 
Throughout the coarse of testing the model beams it can be noted that during 
preloading of the beams, basically whenever the beams were not vertically clamped, 
the failure mechanism for the beam would fall into the category of shear compression 
failure. However after the vertical clamps are placed on the beam it effectively 
reduces the av/d ratio of the beams and thus the beams fail according to the deep beam 
failure method instead. 
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 6.6.1 Shear compression failure  
 
2.5 > av/d > 1: For av/d lower than about 2.5 but greater than 1, the diagonal crack 
often forms independently and not as a development of a flexural crack (Figure 6.6.1). 
The beam usually remains stable after such cracking. Further increase in the force V 
will cause the diagonal crack to penetrate into the concrete compression zone at the 
loading point, until eventually crushing failure of the concrete occurs there, 
sometimes explosively (Figure 6.6.1; shaded portion). This failure mode is usually 
called shear-compression failure; for this mode, the ultimate load is sometimes more 
than twice that at diagonal cracking. 
 
Figure 6.6.1: Shear compression failure 
 
 
6.6.2 Deep beam failure 
 
av/d < 1:  The   behaviour of beams  with  such  low  av/d ratio approaches that of deep 
beams. The diagonal crack forms approximately along a line joining the loading and 
support points Figure 6.6.2. It forms mainly as a result of the splitting action of the 
compression force that is transmitted directly from the loading point to the support; it 
initiates frequently at about d/3 above the bottom face of the beam. As the force V is 
increased, the diagonal crack would propagate simultaneously towards the loading 
and support points. When the crack has penetrated sufficiently deeply into the 
concrete zone at the loading point, or, more frequently, at the support point, crushing 
failure of the concrete occurs. For a deep beam failure mode, the ultimate load is often 
several times that at diagonal cracking. 
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Figure 6.6.2: Deep beam failure 
 
6.7 Load - deflection discussion and results 
 
The load vs. deflection characteristics of the beams are discussed in this section, along 
with any conclusions from that data. 
 
6.7.1 Beam #1 
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Figure 6.7.1: Beam #1 load - deflection 
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 The load vs. deflection plot for the vertically clamped and epoxy repaired beam #1 is 
shown in Figure 6.7.1. Due to the loss of the original data for this beam, as I have 
previously mentioned, this beam is taken as a real world scenario were by the initial 
cracking data is not known except for the maximum force applied to the beam 
(258kN). As can be seen from the plot a linear relationship was recorded up until a 
load of 240kN. After this point the concrete started to crumble under the loads and the 
vertical clamps started to bend while the deflection of the beam increased up until a 
maximum load of 258kN. After this point the load started to decrease while the crack 
widths continued to increase along with the deformation of the clamps and the 
crumbling of the concrete localised around the clamps. 
 
6.7.2 Beam #2   
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Figure 6.7.2: Beam #2 load - deflection 
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The load deflection graph for the preloaded and post vertically clamped beam #2 is 
shown in Figure 6.7.2. The preloading of the beam shows a linear relationship up until 
113kN were the shear cracks start to form and the ligatures start to yield. After this 
point the ligatures continue to yield up until the maximum load of 142kN. After this 
 the load starts to drop of whilst the deflection continues to increase so the loading was 
discontinued so the shear crack did not enlarge too much. After the loading was taken 
off the residual deflection was 3.28mm. 
 
Vertical clamps were then attached to the beam and tightened to 15N.m force using a 
torque wrench. Loading was then continued and the beam produced a linear 
relationship up until 175kN before any yielding commenced. After this point the beam 
continued to be loaded and the shear cracks slowly continued to open while the 
vertical clamps bent with the forces and the concrete started to crumble localised 
around the clamps up until a maximum load of 260kN. At this point the beam yielded 
failing due to sudden shear compression failure. At this point almost the entire 260kN 
load was being taken by the shear ligatures which in this case includes the vertical 
clamps. 
 
From this plot it can be seen that there was an increase in strength, after vertically 
clamping the beam, of 46%. This shows that vertical clamping alone can strengthen a 
shear cracked beam sufficiently to take loads in the order of 1.8 times the equivalent 
uncracked beam original maximum shear strength.   
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 6.7.3 Beam #3 
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Figure 6.7.3: Beam #3 load - deflection 
 
Vertical clamps were attached to the beam and tightened to 15N.m force using a 
torque wrench before any testing was done on this beam. The load deflection graph 
for the pre-clamped beam #3 is shown in Figure 6.7.3. The loading of the vertically 
clamped beam shows a linear relationship up until 116kN were the shear cracks start 
to form and the ligatures begin to yield. After this point the ligatures continued to 
yield and at loads of 150, 200 and 250 more shear cracks start to form, which can be 
seen on the plot, up until the maximum load of 285kN. From the load of 
approximately 250kN onwards the shear cracks slowly continued to open while the 
vertical clamps bent with the large forces and the concrete started to crumble localised 
around the clamps. After the maximum load of 285kN the load starts to drop of whilst 
the deflection continues to increase. After the loading was taken off the residual 
deflection was 9.06mm. 
 
 73
From this plot it can be seen that a pre-clamped beam with a maximum load of 285kN 
is only 10% stronger than an already cracked then vertically clamped beam which. 
This shows that the vertical clamping method alone is an effective and feasible repair 
method. Once again it also shows that vertical clamping alone can strengthen a 
 member sufficiently enough to take loads in the order of 1.8 times the equivalent 
uncracked beams original maximum shear strength.   
 
6.7.4 Beam #4 
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Figure 6.7.4: Beam #4 load - deflection 
 
The load deflection graph for the preloaded, post vertically clamped and epoxy 
repaired beam #2 is shown in Figure 6.7.4. The preloading of the beam shows a linear 
relationship up until 100kN were small shear cracks start to form. Then again at 
125kN another crack opens and the ligatures start to yield. After this point the 
ligatures continue to yield up until the maximum load of 138kN. After this the load 
starts to drop of whilst the deflection continues to increase so the loading was 
discontinued so the shear crack did not enlarge too much. After the loading was taken 
off the residual deflection was 2.28mm. 
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The beam was then epoxy repaired and then vertical clamps were attached to the 
beam and tightened to a force of15N.m using a torque wrench. Loading was then 
continued and the beam produced a linear relationship until approximately the original 
beams maximum shear load before any yielding commenced. After this point the 
 beam continued to be loaded and the shear cracks slowly continued to open while the 
vertical clamps bent with the forces and the concrete started to crumble localised 
around the clamps up until a maximum load of 277kN. At this point the beam yielded 
failing due to sudden shear compression failure. At this point almost the entire 277kN 
load was being taken by the shear ligatures which in this case includes the external 
vertical clamps. 
 
From this plot it can be seen that there was an increase in strength, after vertically 
clamping and epoxy repairing the beam, of 50%. This show’s that vertical clamping 
along with the epoxy injection can strengthen a shear cracked beam sufficiently to 
take loads twice the equivalent uncracked beam original maximum shear strength. 
This is due to the epoxy injection completely repairing the crack that was formed and 
upon reloading the shear cracks propagating at the next weakest point in the beam 
which obviously is stronger than the original crack and thus makes the beam able to 
withstand higher loads.     
 
6.8 Comparison of the load deflection characteristics 
 
The beam that was repaired only with vertical clamping gained 40% more strength 
compared to the reinforced control beam #1, even though the data for this beam is 
missing we still know the maximum load for it was 160kN. This is in contrast to the 
two beams that were repaired with epoxy injection and vertical clamping, which had a 
38% increase in strength for the severely cracked beam and 43% increase in the other. 
This compared to the pre-clamped control beam which had an 44% increase in 
strength from the reinforced control beam.  
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The shape of the load versus deflection graph for the pre-clamped control beam #3 is 
very similar to that of the epoxy repaired and vertically clamped beam #4. The only 
significant difference is that beam #3 continued to be loaded to 285kN, where beam 
#4 failed at 277kN. The reason the repaired beam did not reach as high a failure load 
is that it probably received minor damages in preloading, that have caused it to fail 
earlier than the vertically clamped control beam. This is due to the small cracks and 
damages acting as initiators for the shear cracks. This shows that the beam that was 
 epoxy injected and post-tensioned behaved very similarly to the vertically clamped 
control beam, except it did not gain the entire strength of the new member. The testing 
has also shown that epoxy injection of shear cracks combined with external vertical 
clamping substantially increases a beam’s shear capacity. 
 
6.9 Concrete strain gauge results 
 
Concrete strain gauges were used to measure the strain in the concrete at midspan and 
in the shear span using a strain rosette. This section will discuss the results obtained 
from these measurements. 
 
6.9.1 Strain gauge rosette 
 
The principal strains in the shear span for each of the test beams during loading are 
shown in this section. The positioning of the strain rosettes can be seen in Figure 
4.7.2. The principal strains have been calculated from the strains recorded in the strain 
rosettes on each test beam. The calculations used to find the principal strains are 
shown below. 
 
The three strains recorded in the strain rosette were: 
 
xHorizontal εε ,0 =  
yvertical εε ,90 =  
diagonal=45ε  
 
The shear strain, xyγ , is calculated by: 
 
900452 εεεγ −−=xy  
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Using the strains 0ε , 90ε , and xyγ , the principal strains, minε and maxε , can be found 
using Mohr’s circle, as shown in Figure 6.9.1. 
  
 
Figure 6.9.1: Mohr’s circle for strain 
(Source: Stress Analysis study book, 2005) 
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Rave += εεmax  
 
Rave −= εεmin  
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 6.9.2 Beam #1  
 
Due to the loss of the original data for this beam there can be no load vs. principle 
strain analysis done on this beam. However as I have said before this beam was 
treated as a real world situation whereby it was taken to be unknown as to what 
initially happened to the beam and testing of the effectiveness of the repair methods 
still be undertaken. 
6.9.3 Beam #2 
 
Figure 6.9.2 shows the principal strains of the concrete in the shear spans during 
preloading of beam #2. The shear cracks at the SR1 end of this beam formed slightly 
away from either rosette, so the strains recorded were quite small. However SR2 
clearly shows the formation of a shear crack due to the loads recorded and the 
horizontal increases in the maximum principal strains in SR2 at 85kN and 123kN 
load, indicating that a shear crack formed near or on the rosette at these times. The 
formation of a crack would reduce the stress on the concrete around it, as the load is 
then partially taken by the ligatures. The highest magnitude recorded from the 
principal strains of SR1 and SR2 were 2243 and -1158 micro strain at loads of 123kN 
and 136kN respectively. After the maximum load on SR2 maxε  the strain gauge 
clearly broke as the data then drops of back to zero. This is also the load by which 
SR2 minε  started to read larger values due to the crack opening quickly after this 
point. 
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 Beam #2 Load vs. Principle Strain (Preloading)
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Figure 6.9.2: Load vs. Principle strain (Preloading) 
 
Figure 6.9.3 shows the principal strains of the concrete in the shear spans during the 
loading of Beam #2 after it was vertically clamped. The failure crack for this beam 
formed on the side of SR2. The cracks from the preloading continued to open up, with 
new cracks also forming starting at the vertical clamps. For this reason, the maximum 
principal strains were small due to the loads being dispersing within the shear span of 
the beam. The highest magnitudes recorded in the beam for the principal strains of 
SR2 were 420 and 474 micro strain at loads of 252 and 40kN respectively. 
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 Beam #2 Load vs. Principle strains (After vertical clamping)
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Figure 6.9.3: Beam #2 Load vs. Principle strain (After vertical clamping) 
 
6.9.4 Beam #3 
 
Beam #3 Load vs. Principle strain (pre-vertically clamped)
-50
0
50
100
150
200
250
300
-600 -400 -200 0 200 400 600 800 1000 1200 1400
Principle strain (micro strain)
Lo
ad
 (k
N
)
SR1 Emax SR1 Emin SR2 Emax SR2 Emin
 
Figure 6.9.4: Beam #3 Load vs. Principle strain (pre-vertically clamped) 
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 Figure 6.9.4 shows the principal strains of the concrete in the shear spans during 
loading of beam #3. The failure cracks for this beam formed on either side evenly, but 
SR1 shows a crack propagating through the rosette starting a 64kN and reaching its 
maximum at 96kN which shows early high loading of this section of the beam or that 
this particular crack propagated through the strain gauge. The maximum principal 
strains were 1230 for SR1 maxε and -396 for SR2 minε .  
 
6.9.5 Beam #4 
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Figure 6.9.5: Beam #4 Load vs. Principle strain (preloading) 
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Figure 6.9.5 shows the principal strains of the concrete in the shear spans during 
preloading of beam #4. A shear crack formed through SR1, but the shear crack on the 
side of SR2 formed slightly away from the rosette, and therefore SR1 had very small 
strains compared to SR2. The maximum principal strains in SR2 at 92kN load, just 
before one of the strain gauges broke due to a crack propagating through it, were -
4181 and 4066. The horizontal increase in strain on the graph for SR1 at 70kN load, 
 indicates that a shear crack was initiating very close to the rosette. It then propagated 
through the rosette, causing the principal strains to increase rapidly. 
 
Figure 6.9.6 shows the principal strains of the concrete in the SR2 shear span during 
the reloading of beam #4. Due to the breakage of some the SR1 strain gauges the 
rosette for SR1 was unable to be completed. The horizontal increase in strain on the 
graph for SR2 at 140kN load, indicates that a shear crack was initiating very close to 
the rosette. It then propagated through the rosette, causing the principal strains to 
increase rapidly. The maximum principle strain recorded was -259, at the failure point 
of the beam which was at a load of 270kN. 
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Figure 6.9.6: Beam #4 Load vs. Principle strain (After epoxy and vertical clamp repair) 
 
6.9.6 Mid span concrete strain 
 
The midspan concrete strains for each of the test beams during loading have been 
shown in this section. The positioning of the three strain gauges in the midspan is 
shown in Figure 6.9.7. 
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Figure 6.9.7: Mid span concrete strain gauge layout 
6.9.6.1 Beam #1 
 
Beam #1 Load vs. midspan concrete strain (After epoxy and vertical clamp repair)
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Figure 6.9.8: Beam #1 Load vs. Midspan concrete strain 
 
Figure 6.9.8 shows the midspan concrete strains of Beam #1 during loading after it 
had been epoxy repaired and vertically clamped. The maximum compressive strain on 
the top face was -2246 micro strain at the maximum load of 256kN. There is a linear 
relationship from when loading began to when the maximum load was achieved, for 
both the top face gauge and the side top gauge. This is because the top section was in 
compression for the entire loading. The side bottom gauge was missing due to it being 
broken in the preloading when the original data for this beam was not recorded. 
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 6.9.6.2 Beam #2 
 
Figure 6.9.9 shows the midspan concrete strains of beam #2 during loading. The side 
bottom gauges before and after vertical clamping have shown unexpected results. 
Both gauges have started as expected in tension but have not shown the increase in 
tension as the load increases. It is believed these two gauges may have been faulty or 
did not record properly, and the results are showing no conclusive data.  
 
The changes in strain due to the application of vertical clamping, as previously 
mentioned, were again evident in this beam. The strains in the top gauge during 
preloading reached -1089 micro strain at a load of 140kN while after vertical 
clamping the strain increased to -1477 micro strain at an increased load of 260kN. 
This was also evident in the side top data for this beam. These strains are still well 
short of the nominal crushing strain of concrete, which is 3000 micro strain. 
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Figure 6.9.9: Beam #2 Load vs. Midspan concrete strains 
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 6.9.6.3 Beam #3 
Beam #3 Load vs. Midspan concrete strains
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Figure 6.9.10: Beam #3 Load vs. Midspan concrete strains 
 
Figure 6.9.10 shows the midspan concrete strains of Beam #3 during loading. The 
maximum tensile strain in the side bottom gauge before breaking was 5477 micro 
strain at a load of 85kN. The maximum compressive strain reached in the top face of 
the beam was -2862 micro strain, which is approaching the nominal crushing strain of 
concrete. This beam had the highest concrete compressive strain, as it took the highest 
load. 
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 6.9.6.4 Beam #4 
Beam #4 Load vs. Midspan concrete strain
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Figure 6.9.11: Beam #4 Load vs. Midspan concrete strain 
 
Figure 6.9.11 shows the midspan concrete strains of beam #4 during loading. The side 
bottom gauge has shown only relatively small strains, and the results that are shown 
give no conclusive data.  
 
The changes in strain due to the application of vertical clamping and epoxy resin, as 
previously mentioned, were again evident in this beam. The strains in the top gauge 
during preloading reached -641 micro strain at a load of 137kN while after vertical 
clamping the strain increased to -1886 micro strain at an increased load of 276kN. 
This strain is still well short of the nominal crushing strain of concrete, which is 3000 
micro strain. 
 
6.10 Steel strain gauge results 
 
 86
Steel strain gauges were used to measure the strain in the midspan tensile 
reinforcement, and in the ligatures in the shear span. This section will discuss the 
results obtained from these measurements. 
 6.10.1 Tensile reinforcement strains 
 
The strains for the tensile reinforcement in each of the beams are shown in Figure 
6.10.2. Note that each of the beams had 2 N24 tensile bars on the bottom of the beam, 
both of which had strain gauges attached, therefore 2 readings were taken, one for 
each side of the beam. It can be seen from the graph that the tensile steel remained in 
the elastic range for all of the testing except for beam #3 with pre-clamping and beam 
#4 after epoxy and vertical clamp repair. This was due to the beams being over-
designed for capacity, to ensure shear failures. The maximum strain recorded in the 
tensile steel was 4100 micro strain, which was in beam #2 just before failure. The 
shape of the graphs for the preloaded beams #2 and #4 were very similar. The 
maximum strain recorded in the preloading of beam #2 and #4 was approximately 
1400 micro strain on one side and 1750 micro strain on the other. The shape of all the 
graphs for the beams after their respective repair methods were very similar, except 
they did not gain as high a strain, as they each failed due to a smaller loads. 
 
The tensile reinforcement strain gauges were at the same level as the side bottom 
midspan concrete strain gauges, but the steel gauges recorded lower strains than the 
concrete gauges before strengthening of the beams. The maximum tensile 
reinforcement strains were between 1300 and 1800 micro strain before strengthening, 
while the maximum strains in the side bottom concrete strain gauges reached 
approximately 2700 micro strain initially. After strengthening however this reversed 
and the tensile strains in the order of 3000-4000 micro strain became larger than the 
concrete strains of approximately 2700 micro strain. This clearly indicates that the 
steel took a lot more of the load after the repair of the beams. If a crack passed 
through a concrete strain gauge, the gauge area took the entire increase in strain, but 
the tensile reinforcement redistributed the strain over a large length. This was due to 
the tensile reinforcement slightly de-bonding from the concrete, thus allowing the 
reinforcement to redistribute the strain over a larger area. This is why the side bottom 
concrete strains and the tensile reinforcement strains did not match, even though they 
were positioned at the same level. 
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Figure 6.10.1:: Load vs. Tensile reinforcement strain 
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 Figure 6.10.2: Load vs. Tensile reinforcement strain 
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 6.10.2 Shear reinforcement strains 
 
The strain developed in the shear ligatures of each beam during loading is discussed 
in this section. Error! Reference source not found. shows the layout for the steel 
strain gauges. 
 
6.10.2.1 Beam #1 
 
As previously mentioned the preloading data for this beam is unavailable due to error. 
Therefore only the epoxy and vertically clamped data can be used and in this case on 
the SR2 strain gauge recorded results for the final testing of the beam. 
 
Figure 6.10.1 shows the strain in the shear ligature SR2 during loading of beam #1. It 
can be seen that the strain in ligature SR2 began to increase at 120kN load. This is 
when the shear cracks began to form through the ligatures, therefore leaving the load 
to be taken predominantly by the ligatures. The flat sections of the graph indicate 
when major cracks have opened up, and the load carried by the ligature has increased. 
The maximum strain recorded in ligature SR2 was 2100 micro strain at a load of 
242kN. The large increase in strain up to this point was due to the failure crack 
opening widely at this point, causing the strain in this ligature to increase 
dramatically. SG39 and SG40 are the external strain gauges placed on the vertical 
clamps. These two gauges are at the opposing shear end of the beam with respect to 
SR2. Although this is the case it can still be noted that they was an increase in strain 
after 120kN load as both SR2 and SG40 increase in strain from this point.  
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 Beam #1 Load vs. Shear ligature strain (After epoxy and vertical clamp repair)
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Figure 6.10.3: Beam #1 Load vs. Shear ligature strain (After epoxy and vertical clamp repair) 
 
 
6.10.2.2 Beam #2 
 
Figure 6.10.4 shows the strains in the shear ligatures during the preloading of beam 
#2. SL2 and SR1 show an increase in strain at 100kN indicating the start of a shear 
crack. While at 113kN all three gauges clearly show an increase in strain from this 
point onwards clearly indicating that the shear crack had propagated through the beam 
and continued to do so until the maximum load of 142kN for this beam. SL1 and SL2 
show very much the same conditions which was expected due to them both lying in 
the same shear span.   
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 Beam #2 Load vs. Shear ligature strain
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Figure 6.10.4: Beam #2 Load vs. Shear ligature strain 
 
 
Beam #2 Load vs. Shear ligature strain (After vertical clamping)
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Figure 6.10.5: Beam #2 Load vs. Shear ligature strain (After vertical clamping) 
 
 Figure 6.10.5 shows the strains in the shear ligatures after vertically clamping of beam 
#2. The failure crack for this beam was on the side of ligatures SL1, SL2, SG39 and 
SG40. The ligatures began to take the load when the initial cracks began to reopen at a 
load of 50kN reading from SL2 on the graph. From this point up to the maximum load 
of 260kN, the graph for all the ligatures are almost linear, as they are in the elastic 
range, apart from SL2 which clearly takes all the loading on the beam from 226kN 
until the ultimate load of 260kN . The graph for ligature SL2 flattens out as it began to 
yield until it reaches the maximum load and corresponding to the maximum strain of 
6330 micro strain.  
 
6.10.2.3 Beam #3 
 
Figure 6.10.6 shows the strains in the shear ligatures and vertical clamps during the
loading of beam #3 ges followed 
as that between 70kN and 120kN the shear cracks started to propagate through the 
eam putting more load on ligatures and vertical clamps. This can be seen by the 
increase in strain for all the shear ligatures an two of the vertical clamps between 
these loads. The ligatures and vertical clamps continued to increase in strain as more 
load was applied and the concrete continued to crack, thus the ligatures and vertical 
clamps continued to have to take higher loads until around 230kN were the concrete 
appears to have completely failed and the ligatures yielded therefore placing all the 
load on the vertical clamps until the ultimate load of 285kN. The maximum strain 
recorded in the shear ligatures was 2200 micro strain, and in the vertical clamps 2300 
micro strain.   
 
. The general profile for which most of the strain gau
w
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 Beam #3 Load vs. Shear ligature strain (Pre-Vertically clamped beam)
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Figure 6.10.6: Beam #3 Load vs. Shear ligature strain (Pre-Vertically clamped beam) 
 
6.10.2.4 Beam #4 
 
Figure 6.10.7 shows the strain in the shear ligatures during the pre-loading of beam 
#4. The graph shows that at 100kN SL1 and SL2 changed slope and started to 
increase in strain indicating the development of a shear crack in the beam at this load. 
The SL1 shear ligature however clearly took more load than the SL2 ligature 
indicating the propagation of the shear cracks in the outer most region of the shear 
area. At a load of 125kN all shear ligatures indicated a change in slope on the graph 
translating to the crack propagation throughout the shear areas of the beam and an 
increase in strain from this point onwards due to the ligatures taking more load from 
this point on due to the concrete being predominantly cracked through the beam. The 
maximum strain was 2670 micro strain taken by ligature SL1 at the maximum load 
for this beam of 140kN. Also it should be noted that the data relating to the ligature 
SR2 was not available due to defects or a malfunction with the strain gauge. 
 
 Beam #4 Load vs. Shear ligature strain (Preloading)
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Figure 6.10.7: Beam #4 Load vs. Shear ligature strain (Preloading) 
 
Beam #4 Load vs. Shear ligature strain (After epoxy and vertical clamp repair)
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Figure 6.10.8: Beam #4 Load vs. Shear ligature strain (After epoxy and vertical clamp repair) 
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Figure 6.10.8 shows the strain in the shear ligatures during the reloading of beam #4 
after it was epoxy resined and vertically clamped. The failure crack for this beam was 
equal on either side of the beam however SL1 and SL2 show that there were higher 
 loads taken by this shear region on the beam. The ligatures began to take the load 
when the initial cracks started to propagate at a load of 140kN. From this point on up 
to the maximum load of 277kN, the graphs for all the ligatures are almost linear, as 
they are in the elastic range. The graph for ligature SR1 flattens out at a load of 
270kN as it began to yield approaching the maximum load of the beam. The 
maximum strain recorded was by SL1 at a strain of 6000 micro strain at the maximum 
load. 
 
6.11 Section capacities based on actual member properties 
 
The section capacities of the test beams were calculated in Chapter 3 using theoretical 
material properties. Material tests conducted have shown material strengths different 
to the expected. To accurately compare the practical test results with AS3600 
prediction eq the observed 
aterial properties.  
 
The following section will show the calculations of the shear capacities of the beams, 
using actual material properties. The flexural capacity of the beams will not be 
recalculated, as each the test beams failed in shear. 
 
6.11.1 Re-calculated shear capacity 
 
Actual section properties calculated through cylinder testing. 
 
Section properties: 
 
f’c = 40MPa 
 
fs
uations, the section capacities need to be recalculated using 
m
y.f = 365MPa 
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The ultimate shear capacity, Vu, of the reinforced concrete beam is determined in this 
section. 
 
 usucu VVV +=  
 
The ultimate shear strength of the concrete, Vuc, is: 
 
3/1
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12=β  (As there is no axial load present on this beam) 
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Therefore, 
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trength of the shear reinforcement, Vus, is: 
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here, 
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max. 29.673 mmAsv =  
 
 Therefore, 
 
⎟⎠⎝ − 95.3529.673
⎞⎜⎛ −+= 95.355.56.1530 ooV  
 
ultimate shear strength of the shear reinforcement, Vus, is: 
θ
 
=Vθ o48.30
 
Therefore the 
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Calculating the reinforced concrete beam’s ultimate shear capacity: 
 
+=  
 
 
 
 
 
As four point loading is used, the ultimate shear capacity load, Pu.s, is calculated as: 
 
 
Therefore the beam’s shear capacity load, Pu.s, is 183.534kN. 
 
 
kNVus 36=  
 
V usucu VV
V 36767.55 +=u
V 767.91=u
767.912. ×=suP  
534.183. =suP  
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6.12 Comparison of Practical Results with AS3600 Predictions to 
determine effectiveness of vertical clamps 
 
his section compares the capacities of the beams found from the experimental testing 
with the re-calculated theoretical section capacities found in 6.11.1. This will indicate 
e possible increase in strength the vertical clamping and epoxy repair of the beams 
 
able 6.12.1. 
 
Table 6.12.1: Comparison o  theoretical and experimental failure loads 
Beam 
Re-
calculated 
shear 
Pu.s (kN) 
Pre-loading 
shear capacity 
(before 
significant 
development) 
(kN) 
Experimental 
capacity, 
Percentage 
difference 
Percentage 
difference 
after repair 
compared to 
re-calculated 
shear 
capacity, % 
T
th
has on their ultimate shear strength. The comparison for the four beams is shown in
T
f
# 
capacity, shear crack Pu.e (kN) 
from pre-
loading, % 
1 184 160 258 38 29 
2 184 140 260 46 29 
3 184 ------ 285 ------ 35 
4 184 135 277 51 34 
 
With beam #1 there was a 29% increase in the shear capacity after the beam was 
 however their was a 38% increase in the 
e 
w that a severely shear damaged beam such as this one can 
be repaired sufficiently with the use of the vertical clamping method along with epoxy 
pair. 
 
eam #2 was simply pre-loaded then vertically clamped to assess the effectiveness of 
 was a 46% increase in 
e shear capacity when compared to the pre-loading maximum, and a 29% increase 
hen compared to the re-calculated shear capacity of the beam. Again this shows the 
ffectiveness of the vertical clamps but without epoxy repair this time and the results 
epoxy repaired and vertically strengthened,
beams shear strength compared to its pre-loading maximum of 160kN. Thes
increases in capacity sho
re
B
the vertical clamping method alone. The results show that there
th
w
 100
e
 clearly indicate an increase in the member’s capacity. This data show to a point that it 
reaso ivalent replacement. 
eam #4 was initially loaded to 135kN with pre-loading to sufficiently induce shear 
cracks in th air of this 
beam show an increase of 51% in member capacity when compared to the preload of 
the beam, an n incr  shear strength are e-
c ed ity of ber. 
 
What can ined from this data is that the epoxy repair of the cracks is 97% 
effective in binding the concrete surfaces back together if the cracking r. 
This can be seen in a com n of beam and #4 w beam #3 showing a 
ma um load for an uncracked vertical clamped beam of 285kN and beam #4 
showing a m um of 277kN ping and only 
all initial shear cracks that were repaired. In relation to these results beam #1 which 
t available to make an accurate prediction on how much the ligatures were 
aged initially.     
would be more practical to repair damaged beams then replace them for the mere 
n that the beam would have a higher capacity than its equ
 
Beam #3 was pre-vertically clamped to determine the effect the shear crack has on the 
repair of the beam. In this case the uncracked beam held the highest capacity for all 
the beams recording a maximum load of 285kN, this was equivalent to an increase of 
35% member shear capacity compared to the re-calculated shear capacity of the beam. 
 
B
e beam. The results after the vertical clamping and epoxy rep
d a
 shear capac
be determ
ease of 34% in
 the mem
 when comp d to the r
is only mino
alculat
pariso  #3 ith 
xim
axim after epoxy repair and vertical clam
sm
had large initial shear cracks to the point of almost certain failure was repaired with 
vertical clamping and epoxy resin and recorded a maximum of 258kN which shows a 
90% effective repair of binding the two concrete surfaces back together with the 
epoxy resin. The maximum load would have also been effected by the yielding of the 
shear ligatures during the during the pre-loading of this beam however the data for 
this is no
dam
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 6.13 Conclusions 
 
It has been found from this research that applying vertical clamping alone to a shear 
racked member will increase the member’s capacity. The member in this testing 
ed member with crack sizes in the order of 
round 3-4mm. This shows that the epoxy bonding of the concrete surfaces back 
 surfaces back together due to the width of the cracks and the 
amage already done to the steel reinforcement in the beam. However with beam #4 
nd its relatively minor crack propagation throughout the beam the difference in 
pair potential compared to the pre-vertically clamped beam was on 1% indicating 
at the epoxy repair was highly effective at rebonding the concrete surfaces to the 
oint were the beam was like new and acted as such under testing conditions. 
c
repaired only with vertical clamping actually had a 29% increase in ultimate capacity. 
The data shows that this increase is comparable to the combined epoxy repair and 
vertical clamping method with only 5% less effectiveness in repairing the ultimate 
shear capacity of the beams. 
 
This research has indicated that combining epoxy injection of cracks with vertical 
clamping will increase the shear capacity of a concrete girder. The rehabilitation 
method in this experimental testing showed a 29% increase in ultimate shear capacity 
of a severely cracked member with cracks up to 10mm wide, and a 34% increase in 
ultimate shear capacity in a slightly crack
a
together has an impact on the beams shear capacity by effectively bonding the cracked 
surfaces back together and forcing the beam to crack in the next weakest area of the 
beam. Also with the vertical clamps fixed to the beam the crack propagation on the 
beam seamed to only generate within the clamped area effectively indicating that the 
clamps acted as support and reduce the critical shear region of the beams. 
 
The repair method is again supported by the comparison of the two vertically clamped 
and epoxy repaired beams, beams #1 and #4, to the pre-vertically clamped beam #3. 
The percentage increases in shear capacities are comparable with beam #1 having a 
29% increase which only differs in repair effectiveness to beam #3 by 5%, which 
could which could be put down to the fact that this beam was highly damaged and 
owing to this fact the epoxy repair of the shear crack was not fully effective in 
bonding the concrete
d
a
re
th
 102
p
  
The AS3600 prediction equations for ultimate shear capacity of a reinforced concrete 
beam have been slightly over predicting the ultimate capacity of these beams. This 
assumption comes from the control beam #1 that only held a load of 160kN which is 
14% less load than the ultimate capacity predictions from the AS3600 prediction 
equations. This shows that this research has shown discrepancies in the prediction 
equations for the shear strength of the concrete beams by not over estimated the shear 
capacity of the beams.  
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 7 CONCLUSIONS AND RECOMENDATIONS 
 
7.1 Summary 
 
This research project has investigated the shear strengthening of concrete beams with 
vertical clamping combined with epoxy injection of existing cracks. The research was 
based on the experimental testing of four model beams. This section will outline the 
chievement of specified objectives, conclusions reached from the investigation, and 
possible areas for further research. 
 
7.2 Achievement of specifications 
 
This section will outline the achievement of the objectives set out at the start of the 
project. 
 
Review and research information containing shear strengthening of concrete 
headstocks with vertical clamping and epoxy resin fill. 
 
A limited literature review was undertaken into information about shear strengthening 
of headstocks with vertical clamping and epoxy resin fill. The two methods were also 
reviewed individually, and are covered in chapter 2. 
 
Design model beams for experimental investigations, taking into account previous 
information. 
 
The model test beams were designed to fail in shear over flexure, and this was the 
case in testing. Problems associated with previous testing of model beams at USQ 
were addressed, so they would be avoided in this research. The problems included 
varying concrete strengths, inadequate cover, and slipping of reinforcement. The 
process used in the design of the test beams was shown in Chapter 3. 
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a
 Construct model beams and apply testing devices to them. 
he model beams were successfully constructed and testing devices applied to them. 
processes are outlined in chapter 4. 
 repaired with vertical clamping. The testing of the 
odel beams was discussed in Chapter 4, and the observed results were discussed in 
he results from the testing of the beams have been discussed in chapter 5. These 
 beams. 
onclusions have been made on the shear strengthening of concrete girders with 
he conclusions reached have been that combining epoxy injection of 
racks with vertical clamping is an effective way to shear strengthen concrete girders. 
 
 
 
T
The details for these 
 
Carry out tests on model beams, observe and record results. 
 
The four model beams were successfully tested, with observations and test data 
recorded. Two of the beams were epoxy repaired and vertical clamped, one was pre-
vertically clamped and one was just
m
Chapter 5. 
 
Analyse and evaluate the test results of the different modelled beams. 
 
T
results have been discussed to determine the effectiveness of epoxy injection and 
vertical clamping in increasing the shear strength of the
 
Come to a conclusion on the findings of wether vertical clamping along with epoxy 
resin will strengthen the headstock sufficiently or not. 
 
C
epoxy injection of cracks and vertical clamping. These have been discussed in 
Chapter 5. T
c
It has also been shown that vertical clamping alone can increase a member’s shear 
capacity, if it has existing shear cracks. 
 
All the objectives have been achieved, therefore the research project has been 
successfully completed. 
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 7.3 Conclusions 
 
The results from this research project were positive with respect to the rehabilitation 
technique used. This will be summed up in this section. 
 
7.3.1 Rehabilitation technique 
ear capacity. The beams that had their existing shear cracks repaired by 
poxy injection, and then vertically clamped, had a 29% and 34% higher ultimate 
ad a 29% increase in 
ltimate capacity whilst the beam that was epoxy repaired and then vertically clamped 
ct making the beam crack else 
ere or along the next weakest points in the beam. This is where the benefit of the 
s the need for repair and strengthening techniques of concrete girders becomes more 
mping is a viable option or 
ping alone could suffice in some circumstances. However the 
bined epoxy repair and vertical clamping rehabilitation method increases a member’s 
ltimate shear capacity, and reduces the risk of reinforcement corrosion.  
 
The results of the experimental investigations have shown that by repairing existing 
shear cracks with epoxy injection, concrete girders can be shear strengthened by 
vertical clamping. The strengthened members had an increased stiffness in the 
ultimate sh
e
capacity.  
 
The testing also highlighted that there was benefit from structurally repairing the 
shear cracks to gain more strength with the vertical clamping. The beam that was just 
vertically clamped, without any repair to the existing cracks, h
u
had a 34% increase. As discussed in Chapter 5, this was due to the epoxy effectively 
rebonding the concrete surfaces back together in effe
w
epoxy injection was gained. Once the existing cracks were structurally repaired by the 
epoxy injection, the beam behaved similarly to a new member. 
 
7.3.2 Recommendations  
 
A
sought after, cost effective solutions are required. For concrete girders with existing shear 
cracks, epoxy injection of cracks combined with vertical cla
simply just vertical clam
com
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u
  
Recommendations for further studies include: 
hear strengthened with epoxy 
injection of cracks and vertical clamping, to establish a way to accurately predict 
the ultimate shear capacity of a repaired member, and correlate this to AS3600 
ction. 
 
• Conducting more extensive testing on members s
prediction equations. 
 
• Other rehabilitation methods for strengthening shear cracked members, such as 
inclined clamping or post-tensioning over the region with shear cracks  
 
• Modelling of shear cracks using computer software, to accurately model the 
behaviour of a girder with shear cracks, or one previously repaired with epoxy 
inje
 
 107
 
 8 Resource Analysis 
 
8.1
 
• 
o e from of the USQ engineering laboratories. 
 The engineering laboratories will also provide all the facilities needed. 
• Materials and other consumable items: 
rain Gauges and Strain Gauge equipment sourced from TML. 
o Concrete sourced from a local concrete plant (Wagners) 
 
• Labour 
o Provided by the engineering lab staff. 
o Myself and Friends. 
o Post graduate students and supervisors. 
 
Sourced and ordered all materials as needed but a check on the availability of certain 
more difficult to obtain items was done well prior to it being needed. An example 
would be the strain gauges which there where only just enough of in Australia for my 
project. 
 
No direct costs were involved; just a delay every time the ordering officer at USQ was 
needed due to unforseen circumstances. 
 
Budget of Approximately $250 - $300 per beam is acceptable by project facilitator.  
 
All material had alternative suppliers except for the strain gauges which if they were 
not in Australia a delay of 1 month could have been expected.  
 
 Requirements: 
Equipment and facilities: 
 All equipment will b
o
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o Steel sourced from “Smorgan Steel” and the engineering Laboratories  
o Boxing used from previous project work 
o St
 As can be seen from my above descriptions of materials the strain gauges were the 
t where as if they were to fail to arrive or be faulty 
r damaged my project viability may have been threatened. There was nothing that 
 this due to the fact that high quality “Strain Gauges” were 
quired so as to get the most accurate project outcome possible. 
 
  
 
  
 
 
 
 
most important aspect of my projec
o
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could have been done about
re
 9 Timelines 
 
March:  
• Project aims. 
• Literature review. 
• Background. 
• Beam Methodology. 
• Construction of boxing. 
pril: 
• Ordering of N24 bars cut and bent. 
• Bending of required R6 Ligatures. 
• Steel fixing the reinforcement cages together. 
• Ordering Strain Gauges. 
 
May: 
• Check on Strain Gauges delivery status. 
• Steel fixing the reinforcement cages together. 
• Making of spacer blocks for reinforcement cages to sit on during concreting. 
• Steel fixing the lift points to the reinforcement cages. 
• Concreting.  
• Curing of concrete 
 
June 
• Curing of concrete 
• Move beams to testing laboratories 
 
July 
• Testing of beams 
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University of Southern Queensland (USQ) 
 
Faculty of Engineering and Surveying 
 
ENG 4111/4112 Research Project 
 
PROJECT SPECIFICATION 
 
FOR: Paul Bolger 
 
TOPIC: strengthening of concrete headstocks with vertical bracing 
to enhance sheer strength. 
 
SUPERVISOR: Dr. Thiru Aravinthan 
 
SPONSORSHIP: Faculty of Engineering and Surveying, USQ 
 
1. Review and resea ch information containing shear 
strengthening s with vertical clamping 
and epoxy resin fill. 
 
2. Design model beams for experimental investigations, 
taking into account previous information. 
 
3. Construct model beam . 
 
4. Carry out tests on model beams, observe and record 
results. 
 
5. Analyse and evaluate the test results of the different 
modelled beams. 
 
6. Come to a conclusion on the findings of wether vertical 
clamping along with epoxy resin will strengthen the 
headstock sufficiently or not. 
 
AGREED: 
 _____________________ (Student) 
_____________________(Supervisor) 
__ / __ / __ 
 
r
 of concrete headstock
s and apply testing devices to them
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13 Appendix C 
 
1. Lokset E Fact Sheet 
 
2. Nitofill LV Fact Sheet 
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14 Appendix D 
 
14.1 Risk Assessment 
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